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ABSTRACT
The Event Horizon Telescope, a global submillimeter wavelength very long baseline interferometry
array, produced the first image of supermassive black hole M87* showing a ring of diameter θd =
42 ± 3µas, inferred a black hole mass of M = (6.5 ± 0.7)× 109M⊙ and allowed us to investigate the
nature of strong-field gravity. The observed image is consistent with the shadow of a Kerr black hole,
which according to the Kerr hypothesis describes the background spacetimes of all astrophysical black
holes. The hypothesis, a strong-field prediction of general relativity, may be violated in the modified
theories of gravity that admit non-Kerr black holes. Here, we use the black hole shadow to investigate
the constraints when rotating regular black holes (non-Kerr) can be considered as astrophysical black
hole candidates, paying attention to three leading regular black hole models with additional parameters
g related to nonlinear electrodynamics charge. Our interesting results based on the systematic bias
analysis are that rotating regular black holes shadows may or may not capture Kerr black hole shadows,
depending on the values of the parameter g. Indeed, the shadows of Bardeen black holes (g . 0.26M),
Hayward black holes (g . 0.65M), and non-singular black holes (g . 0.25M) are indistinguishable from
Kerr black hole shadows within the current observational uncertainties, and thereby they can be strong
viable candidates for the astrophysical black holes. Whereas Bardeen black holes ( g ≤ 0.30182M),
Hayward black holes (g ≤ 0.73627M), and non-singular black holes (g ≤ 0.30461M), within the 1σ
region for θd = 39µas, are consistent with the observed angular diameter of M87*.
Keywords: Galaxy: center gravitation black hole physics -black hole shadow- gravitational lensing:
strong
1. INTRODUCTION
The Kerr hypothesis states that the astrophysical
black hole candidates are well described by the Kerr
metric (Kerr (1963)). Theoretically, this hypothesis is
based on the uniqueness theorem that led to the
general relativity’s no-hair theorem stating that the
Kerr (1963) and Kerr-Newman (Newman et al. 1965)
are the only stationary, axially symmetric, and
asymptotically flat, respectively, vacuum and
electro-vacuum solutions of the Einstein equations
(Israel 1967, 1968; Carter 1971; Hawking 1972;
Robinson 1975). But direct evidence of these solutions
is still inconclusive and it may be difficult to rule out
non-Kerr black holes (Ryan 1995; Will 2006;
Corresponding author: Rahul Kumar
rahul.phy3@gmail.com
Bambi & Barausse 2011). With the current
unprecedented observational techniques, it could
become possible to probe deeper into the strong-field
regime of gravity and eventually test the no-hair
theorem. A rotating regular black hole, a prototype
non-Kerr metric, has an additional parameter g due to
magnetic charge arising from the nonlinear
electrodynamics (NED) apart from mass M and
rotation parameter a and encompasses the Kerr black
hole (g = 0) (Kerr 1963). Are such black holes
candidates for the test of the no-hair theorem or the
Kerr hypothesis? The idea of a regular black hole was
realized by the Bardeen (1968); based on the idea of
Sakharov (1966) and Gliner (1966) he presented the
first-ever static spherically symmetric regular black
hole model. Since then, invoking a suitable NED
Lagrangian density, a large number of regular black
holes have been constructed (Dymnikova 1992, 2004;
Ayon-Beato & Garcia 1998, 1999; Bronnikov 2001;
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Burinskii & Hildebrandt 2002; Berej et al. 2006;
Bronnikov & Fabris 2006; Junior et al. 2015;
Sajadi & Riazi 2017), and more recently in
Refs. (Fan & Wang 2016; Bronnikov 2017;
Toshmatov et al. 2018). Subsequently, several rotating
regular black holes also have been introduced
(Bambi & Modesto 2013; Toshmatov et al. 2014;
Azreg-Ainou 2014; Ghosh & Maharaj 2015; Ghosh
2015; Rodrigues & Junior 2017). Regular black holes
and their extensions have been extensively studied in
the wide context of astrophysical phenomena, namely,
particle motion (Stuchlik & Schee 2014; Amir & Ghosh
2015; Garcia et al. 2015; Amir et al. 2016), and
gravitational lensing and shadows (Eiroa & Sendra
2013; Li & Bambi 2014; Tsukamoto et al. 2014;
Schee & Stuchlik 2015; Abdujabbarov et al. 2016;
Amir & Ghosh 2016; Lamy et al. 2018; Jusufi et al.
2018; Ovgun 2019; Kumar et al. 2019a). Interestingly,
the size and shape of rotating regular black hole
shadows are affected such that the shadow radius
decreases and distortion increases monotonically with
the parameters g, and thus a violation of the no-hair
theorem significantly alters the shadow shape and size
(Bambi & Freese 2009; Johannsen & Psaltis 2010;
Falcke & Markoff 2013; Johannsen 2013a, 2016). The
black hole shadow relevance for testing the strong-field
features of gravity, estimating black hole parameters
and deducing any potential deviation from the Kerr
geometry has resulted in comprehensive literature
addressing shadows in both general relativity and
modified gravities (Hioki & Maeda 2009;
Amarilla et al. 2010; Amarilla & Eiroa 2012;
Yumoto et al. 2012; Atamurotov et al. 2013;
Grenzebach et al. 2014; Ghasemi-Nodehi et al. 2015;
Abdujabbarov et al. 2015; Cunha et al. 2017;
Amir et al. 2018; Ayzenberg & Yunes 2018;
Perlick et al. 2018; Wang et al. 2018, 2019; Shaikh
2019; Mishra et al. 2019; Long et al. 2019;
Konoplya & Zhidenko 2019).
Black hole shadows have become a physical reality
with the recent detection of the horizon-scale image of
the M87* black hole by the Event Horizon Telescope
(EHT). Adopting a distance of d = 16.8 Mpc and
fitting the geometric crescent models obtained from the
general-relativistic magnetohydrodynamic simulations
to the M87* observational visibility data the mass of
the M87* black hole is estimated
M = (6.5 ± 0.7) × 109M⊙ (Akiyama et al. 2019a,b,c).
The bright sharp photon ring, a projection along the
null geodesics of the photons orbiting around the black
hole, encompasses the shadow and explicitly depends
on the black hole parameters while largely remaining
independent of the detailed accretion models
(Beckwith & Done 2005; Johannsen & Psaltis 2010;
Johannsen 2013b). The constraints on the compact
emission region size with angular diameter
θd = 42 ± 3µas along with the central flux depression
with a factor of ≥ 10, which can be identified as the
shadow, provide stringent evidence for the existence of
the black hole. Though the observed shadow of the
M87* black hole is found to be consistent with that for
the Kerr black hole as predicted by the general
relativity, the current uncertainty in the measurement
of spin angular momentum and the relative deviation
of quadrupole moments do not eliminate non-Kerr
black holes arising in modified gravities
(Akiyama et al. 2019a,b,c; Cardoso & Pani 2019).
Using the M87* black hole shadow, one can
investigate the viability of different black hole models
in explaining the observational data and put
constraints on the black hole parameters. The main
aim of this paper is to investigate if black hole shadow
can help us to probe whether the rotating regular black
holes can be a candidate for the astrophysical black
holes. We made a systematic bias analysis between the
model and injection shadows by considering the
rotating regular black hole shadow as a model to fit
with the Kerr shadow injections and for this purpose
the shadow area A and oblateness D are used as
observables to characterize the shadow
(Kumar & Ghosh 2020; Tsupko 2017). The best-fit
values of the parameters (a, g) for which rotating
regular black holes well capture the given Kerr shadow
are determined. It is found that as the parameters lie
in a certain special range, the rotating regular black
holes shadows may illustrate the resemblance with the
Kerr black hole shadows and are indiscernible within
the current observational uncertainties and even can
affirm the apparent asymmetry and angular size of the
observed M87* shadow.
The paper is organized as follows: Section 2 is
devoted to the brief review of the null geodesic
equations in general stationary, axially symmetric
regular black hole spacetimes and the recipe to
investigate the shadow. In Section 3 we discuss the
systematic bias analysis and check the compatibility of
rotating regular black holes to explain the Kerr black
hole shadows in Section 4. In Section 5 we constrain
the rotating regular black hole parameters with the aid
of observed image of the M87* black hole. Finally, in
Section 6 we summarize the obtained results and
discuss the possibility of candidature of rotating
regular black holes, with the shadow observations, for
the astrophysical black holes.
2. ROTATING BLACK HOLE SHADOW
A black hole surrounded by an optically thin
emission region appears as a dark shadow in the
observer’s sky, which is an apparent cross-section of
the gravitationally captured photon region confined by
the innermost unstable photon orbits
(Cunningham & Bardeen 1973). For this purpose, we
study the photon geodesics around the rotating regular
black hole spacetime, whose line element in
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Boyer−Lindquist coordinates (t, r, θ, φ) reads
(Bambi & Modesto 2013; Toshmatov et al. 2014)
ds2=−
(
1− 2m(r)r
Σ
)
dt2 − 4am(r)r
Σ
sin2 θ dt dφ+
Σ
∆
dr2
+Σ dθ2 +
[
r2 + a2 +
2m(r)ra2
Σ
sin2 θ
]
sin2 θ dφ2, (1)
and
Σ = r2 + a2 cos2 θ, ∆ = r2 + a2 − 2m(r)r. (2)
where m(r) is the mass function such that
limr→∞m(r) = M and a are the spin parameter
defined as a = J/M ; J and M are, respectively, the
angular momentum and ADM mass of rotating black
hole. The metric (1) is Kerr (1963) and Kerr−Newman
(Newman et al. 1965) spacetimes, respectively, when
m(r) = M and m(r) = M − Q2/2r. In general metric
(1) also describes various classes of rotating regular
black holes when we choose m(r) appropriately (Ghosh
2015; Abdujabbarov et al. 2016; Amir & Ghosh 2016).
The photon motion in the spacetime (1) is determined
by the corresponding geodesics equations obtained
from the Hamilton−Jacobi equation (Carter 1968)
∂S
∂τ
= −1
2
gαβ
∂S
∂xα
∂S
∂xβ
, (3)
where τ is the affine parameter along the geodesics, and
S is the Jacobi action, which reads as
S = −Et+ Lφ + Sr(r) + Sθ(θ), (4)
Sr(r) and Sθ(θ), respectively, are functions only of the
r and θ coordinates. The metric (1) is time
translational and rotational invariant, which leads to
conserved quantities along geodesics, namely, energy
E = −pt and axial angular momentum L = pφ, where
pµ is the photon’s four-momentum. The Petrov-type D
character of metric (1) ensures the existence of Carter’s
separable constant K, which eventually leads to the
following complete set of null geodesics equations in
the first-order differential form (Carter 1968;
Chandrasekhar 1985):
Σ
dt
dτ
=
r2 + a2
∆
(E(r2 + a2)− aL)− a(aE sin2 θ − L) ,(5)
Σ
dr
dτ
=±
√
Vr(r) , (6)
Σ
dθ
dτ
=±
√
Vθ(θ) , (7)
Σ
dφ
dτ
=
a
∆
(E(r2 + a2)− aL)− (aE − L
sin2 θ
)
, (8)
where Vr(r) and Vθ(θ), respectively, are related to the
effective potentials for radial and polar motion and are
given by
Vr(r)=
(
(r2 + a2)E − aL)2 −∆(K + (aE − L)2), (9)
Vθ(θ)=K −
( L2
sin2 θ
− a2E2
)
cos2 θ. (10)
The separability constant K is related to the Carter
(1968) constant of motion Q = K + (aE − L)2, which is
essentially a manifestation of the isometry of metric (1)
along the second-order Killing tensor field. The black
hole shadow boundary requires two dimensionless
impact parameters (Chandrasekhar 1985)
ξ ≡ L/E , η ≡ K/E2, (11)
such that each geodesic is characterized by only these
two parameters. Depending on the radial effective
potential Vr(r) and the constants of motion, photons
may follow scattering orbits, capturing orbits, and
unstable orbits at the constant radii. These unstable
orbits, constructing a photon region around the event
horizon, delineate an apparent boundary separating
the dark and bright regions on the observer’s sky and
account for the optical appearance of the black hole
(Cunningham & Bardeen 1973). These orbits can be
determined by the unique extremum of the potential in
the exterior region to the event horizon r+ i.e., r > r+,
such that
Vr|(r=rp) =
∂Vr
∂r
∣∣∣∣
(r=rp)
= 0, and
∂2Vr
∂r2
∣∣∣∣
(r=rp)
> 0,
(12)
where rp is the unstable photon orbit radius. Solving
Eq. (12) for Eq. (9) results in the critical impact
parameters (ξc, ηc) for the unstable orbits
(Abdujabbarov et al. 2016; Kumar & Ghosh 2020)
ξc =
[a2 − 3r2p]m(rp) + rp[a2 + r2p][1 +m′(rp)]
a[m(rp) + rp[−1 +m′(rp)]] ,
ηc =−
r3p
a2[m(rp) + rp[−1 +m′(rp)]]2
[
r3p + 9rpm(rp)
2
+ 2[2a2 + r2p + r
2
pm
′(rp)]rpm
′(rp)
− 2m(rp)[2a2 + 3r2p + 3r2pm′(rp)]
]
, (13)
where ′ stands for the derivative with respect to the
radial coordinate. If we consider the Kerr black hole
(m(r) = M), Eq. (13) reduces to (Chandrasekhar 1985)
ξc =
M(r2p − a2)− rp(r2p + a2 − 2Mrp)
a(rp −M) ,
ηc =−
r3p
[
4Ma2 − rp(rp − 3M)2
]
a2(rp −M)2 . (14)
In particular, photons with ηc = 0 form planar
circular orbits confined only to the equatorial plane,
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rp
0
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+rp
- r+
Figure 1. (Left panel) Photon region (shaded orange
region) around a Kerr black hole (black disk). (Right
panel) Photon orbit projection as a black hole shadow on
the observer’s image plane. In the projected image, the
small dark black disk and gray deformed region, respectively,
correspond to the black hole horizon and the shadow.
whereas ηc > 0 lead to three-dimensional spherical
orbits (Chandrasekhar 1985). In rotating spacetimes,
photons can either have prograde motion or retrograde
motion, whose respective radii at the equatorial plane,
r−p and r
+
p , can be identified as the real positive roots
of ηc = 0 for rp ≥ r+, and all other spherical photon
orbits have radii r−p < rp < r
+
p . Further, the maximum
latitude of spherical orbits depends on the angular
momentum of photons, viz., the smaller the angular
momentum the larger the orbit latitude. Photons must
have zero angular momentum to reach the polar plane
of the black hole, whose orbit radius r0p, such that
r−p ≤ r0p ≤ r+p , can be determined by the zeros of
ξc = 0. For the Kerr black hole, these photon orbit
radii rp are (Teo 2003)
r−p = 2M
[
1 + cos
(
2
3
cos−1
[
−|a|
M
])]
,
r+p = 2M
[
1 + cos
(
2
3
cos−1
[ |a|
M
])]
,
r0p =M + 2
√
M2 − 1
3
a2 cos
[1
3
cos−1
( M(M2 − a2)
(M2 − 13a2)3/2
)]
,
(15)
which for the Schwarzschild black hole (a = 0) takes
the degenerate value r−p = r
0
p = r
+
p = 3M and for the
extremal Kerr black hole (a = M) takes the values
r−p = M , r
0
p = (1 +
√
2)M and r+p = 4M . Thus the
gravitationally lensed image of the photon region
around the black hole yields the apparent shadow,
whose boundary can be traced by the loci of critical
impact parameters (ξc, ηc). For an observer at the
position (ro, θo), in the far exterior region of the black
hole, the shadow boundary can be described in terms
of the celestial coordinates (Bardeen 1973;
Cunningham & Bardeen 1973)
α = −ro p
(φ)
p(t)
, β = ro
p(θ)
p(t)
, (16)
where p(µ) is the photon four-momentum measured on
an orthonormal-tetrad basis. On using geodesic
Eqs. (5), (7), and (8), the celestial coordinates yield
α = − ro ξc√
gφφ(ζ − γξc)
∣∣∣∣
(ro,θo)
,
β = ± ro
√
Vθ(θ)√
gθθ(ζ − γξc)
∣∣∣∣∣
(ro,θo)
, (17)
where
ζ =
√
gφφ
g2tφ − gttgφφ
, γ = − gtφ
gφφ
ζ. (18)
The (α, β) in Eq. (17), respectively, denote the apparent
displacement along the perpendicular and parallel axes
to the projected axis of the black hole symmetry. For an
observer sitting in the asymptotically flat region (ro →
∞), the celestial coordinates Eq. (17) can be simplified
as (Bardeen 1973)
α = −ξc csc θo, β = ±
√
ηc + a2 cos2 θo − ξ2c cot2 θo.
(19)
The celestial coordinates have the exact same form as
that for a Kerr black hole but with different ηc and ξc.
The photon region and its projected image on the
observer’s plane for a Kerr black hole are shown in
Fig. 1. The parametric plot of Eqs. (17) or (19) in the
(α, β) plane can cast a variety of black hole shadows
for different choices of black hole mass function m(r)
(Abdujabbarov et al. 2016; Amir & Ghosh 2016;
Kumar et al. 2019a). Therefore, it is pertinent to check
whether shadow observations can be used as a tool to
distinguish non-Kerr (rotating regular) black holes
from the Kerr black hole or can place constraints on
the deviation parameters. Despite that the rotating
regular black holes are considerably different from the
Kerr black hole, it may be difficult, at least in some
cases, to differentiate some rotating regular black holes
(e.g., rotating Bardeen black hole) from a Kerr black
hole (Li & Bambi 2014; Tsukamoto et al. 2014). In
what follows, we explore the possibilities of rotating
regular black holes as astrophysical black hole
candidates from the comparability of their shadows.
3. SYSTEMATIC BIAS ANALYSIS
We consider the Kerr black hole shadows as the
injection and simulated shadows of rotating regular
black holes as models to fit with the injection. For a
fixed observer position (ro, θo) and a given black hole
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mass M , the injection solely depends on the black hole
spin parameter a, whereas model shadows depend on
both spin a and deviation parameter g. This deviation
parameter can significantly alter the shape and size of
shadows when compared with the Kerr black hole
shadow (Abdujabbarov et al. 2016; Amir & Ghosh
2016; Kumar et al. 2019a). Consider two astronomical
observables, namely, area A and oblateness D,
respectively, given by (Kumar & Ghosh 2020; Tsupko
2017)
A = 2
∫
β(rp)dα(rp) = 2
∫ r+
p
r−p
(
β(rp)
dα(rp)
drp
)
drp,
(20)
D =
αr − αl
βt − βb . (21)
Here, A and D, respectively, characterize the size and
shape of shadow; a single observable induces
degeneracy between the spin parameter and the
deviation parameter (Tsukamoto et al. 2014).
Oblateness parameter D is defined as the ratio of
horizontal and vertical diameters of the shadow as
subscripts r, l, t, and b, respectively, standing for the
right, left, top, and bottom of the shadow silhouette
such that D 6= 1 refers to the rotating black hole
(Kumar & Ghosh 2020; Tsupko 2017). For a given
black hole model, these observables uniquely
characterize the shadow over the black hole parameter
space (a, g). For a fixed spin parameter, these
observables can take considerably different values for
model and injection shadows (Abdujabbarov et al.
2016; Amir & Ghosh 2016; Kumar et al. 2019a). It is
also likely that a given set of shadow observables can
correspond to more than one model shadows, though
the values of black hole parameters are different
(Kumar & Ghosh 2020). To explore this avenue, we
make a systematic bias analysis by minimizing the χ2red
between the model and the injection to check their
compatibility and to constrain the model parameter
space (a, g). For fixed values of free parameters mass
M , distance d, and inclination angle θo, we define the
χ2red as a function of the spin and deviation parameters
χ2red(a, g, aK) =
1
2
2∑
i=1
[
αi(a, g)− αiK(aK)
σi
]2
. (22)
Here, αiK and α
i are, respectively, the injection and
model shadow observables [D,A], where aK and a are
the injection and model spin parameters. In this model
fitting procedure, the nonzero values of χ2red quantify
the departure of rotating regular black hole shadows
from that of Kerr black hole shadows, such that for
χ2red ≤ 1 the rotating regular black hole shadow can
capture the Kerr shadow and both are
indistinguishable within the current observational
uncertainties. Whereas if χ2red > 1, then the current
shadow observations can easily discern two black holes
and constraints can be placed on regular black hole
parameters. For the fixed values of the injected spin
parameter aK and the deviation parameter g, the
best-fit values of the model spin a by minimizing the
χ2red between the injection and model shadows are
obtained. It can be expected without a priori that for
the large values of the deviation parameter g, the
extracted best-fit values of the model spin a will
significantly deviate from the injected spins aK . The
constraints on the model parameter space (a, g) are
obtained for which model shadows at best resemble the
injected shadows. The standard deviation σi is
assumed to be 10% of the range of each observable,
which is the current uncertainty in the observational
measurements of the EHT (Akiyama et al. 2019a,b,c).
4. APPLICATION TO REGULAR BLACK HOLES
The systematic bias analysis, introduced in the
previous section, allows us to analyze whether the
deviations of rotating regular black holes shadows from
the Kerr shadows are large enough to be detectable
with the current black hole shadow observations. We
examine three well-known rotating regular black holes,
viz., Bardeen, Hayward, and non-singular black holes.
The shadows of these regular models have received
significant attention and their shape and size are
considerably different from those of the Kerr black hole
shadows (Abdujabbarov et al. 2016; Amir & Ghosh
2016; Kumar et al. 2019a). Henceforth, for our
purposes, we assume that the inclination angle is
θo = π/2 and consider the rotating regular black hole
shadow as a model to fit with the Kerr black hole
shadow injection.
4.1. Bardeen black holes
The Bardeen (1968) black hole metric is
asymptotically (r → ∞) flat, and near origin (r → 0)
behaves as the de-Sitter. The rotating regular Bardeen
black hole (Bambi & Modesto 2013; Toshmatov et al.
2014) is described by metric (1) with the mass function
(Bardeen 1968)
m(r) = M
(
r2
r2 + g2
)3/2
, (23)
where the deviation parameter g can be identified as
the magnetic monopole charge (Ayon-Beato & Garcia
2000). The rotating Bardeen black hole metric has
been tested with the X-ray data from the disk around
the black hole candidate in the Cygnus X-1
(M = 14.8M⊙, d = 1.86 kpc, θo = 27.1
o) (Bambi
2014). Such that the 3σ bounds aK > 0.95M
(Gou et al. 2011) and aK > 0.983M (Gou et al. 2014)
for the Kerr metric infer a bound on Bardeen black
hole parameters, respectively, a > 0.78M and
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g < 0.41M , and a > 0.89M and g < 0.28M (Bambi
2014). We begin with the calculations of the
observables A and D for the rotating Bardeen black
hole (model) and the Kerr black hole (injection)
shadows and investigate whether given shadow
observables for the injection shadow can also
correspond to the modeled shadow. The model shadow
area is found to decrease with both a and g, such that
for a = aK , the model shadow area is always smaller
than that for the injection shadow area
(Kumar & Ghosh 2020). It also turns out that the
oblateness D decreases with both a and g
(Kumar & Ghosh 2020). The behavior of χ2red between
the model and injection shadows with varying injected
spin aK is depicted in Fig. 2. It is evident that χ
2
red
shows a non-monotonic behavior with increasing
injected spin, such that χ2red is relatively large for the
small values of aK then decreases with increasing aK
and again increases for the near-extremal value of aK .
For sufficiently smaller values of g, χ2red is less than 1
for almost all values of injected spin aK (see Fig. 2).
Whereas for higher values of g, model shadows could
not substantially capture the injected shadows, as the
χ2red > 1 for all aK . This placed a bound on model
parameter g, such that for g . 0.26M model shadows
are indistinguishable from the injected shadows. The
best-fit values of the model spin parameter a for
different values of g are extracted, which as a function
of injected spin aK are shown in Fig. 2. The extracted
model spin is biased from the injected spin and this
disparity further increases with increasing g. The
contour plots of χ2red as a function of (a, g) for various
values of aK are shown in Fig. 3. One can deduce that
for the finite parameter space (a, g), model shadows are
well consistent with the injected shadows within the
current observational uncertainties. Figure 3 suggests
that the parameter space viable for the
indistinguishability of two shadows is bounded by
χ2red ≤ 1 and decreases with increasing aK , viz.,
constraints on rotating Bardeen black hole parameters
are substantially stronger for rapidly rotating Kerr
black hole injections.
4.2. Hayward black holes
Another thoroughly studied regular black hole model
was proposed by Hayward (2006). Besides the mass M
it has one additional parameter ℓ, which determines
the length associated with the region concentrating the
central energy density, such that modifications in the
spacetime metric appear when the curvature scalar
becomes comparable with ℓ−2. The spherically
symmetric Hayward black hole model is identified as
an exact solution of the general relativity minimally
coupled to NED with magnetic charge g, where g is
related to ℓ via g3 = 2Mℓ2 (Fan & Wang 2016). The
rotating Hayward black hole is also Kerr-like black hole
described by the metric (1) with the mass function
(Hayward 2006; Bambi & Modesto 2013)
m(r) =
Mr3
r3 + g3
. (24)
The photon region and shadows of rotating Hayward
black holes have been extensively discussed
(Abdujabbarov et al. 2016; Kumar et al. 2019a;
Liu et al. 2019). Using Eq. (24) in Eq. (13), we
construct the shadow and calculate the corresponding
observables A and D. To see whether the rotating
Hayward black hole (model) shadow can imitate the
Kerr black hole (injection) shadow, the χ2red is
calculated between them. The minimized χ2red and the
extracted values of the best-fit model spin parameter a
as a function of injected spin aK and for different
values of g are shown in Fig. 4. The χ2red varies
nonuniformly with aK , which infers the degree of
similarities between the two shadows. Figure 4 deduces
that the model shadow with the small values of g, can
well capture the injection, such that χ2red ≈ 0 and the
extracted values of model spin are close to the injected
spin values. Whereas for moderately high values of g
(g ∼ 0.50M), the model can fit with the injection only
for the intermediate values of the injected spin, such
that it can not resemble the shadows of very slowly or
rapidly rotating injections. Furthermore, for very large
values of g (g & 0.70M), the two shadows are clearly
distinguishable as χ2red > 1 for all injected spin values
(0 ≤ aK ≤ M). The extracted best-fit values of the
model spin are biased from the injected spins, and this
disparateness is more prominent for higher values of g.
In addition, constraints are placed on the parameters
(a, g) for which the model can get fit with the given
injection shadow. Figure 5 shows that for a given
shadow injection, there is a finite parameter space for
which the model shadow is consistent with the injected
shadow. This parameter space decreases with
increasing injected spin. Thus, the rapidly rotating
Kerr black hole shadows can also be interpreted with
the rotating Hayward black hole.
4.3. Non-singular black holes
Bardeen and Hayward regular black holes have an
asymptotically de-Sitter core. The next regular model
(Ghosh 2015; Culetu 2015), which we call non-singular
for brevity, is a novel class of regular black hole with
an asymptotic Minkowski core (Simpson & Visser
2020). While these non-singular models share many
features with Bardeen and Hayward black holes, there
are also notable differences, especially at the deep core
(Simpson & Visser 2020). The mass function of
rotating non-singular black hole reads (Ghosh 2015)
m(r) = Me−g
2/2Mr, (25)
where g is the NED charge. As per the previous
section, we calculate the observables A and D for the
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Figure 2. Minimized χ2red (left panel) and extracted values of the rotating Bardeen black hole spin parameter a (right panel)
for the best-fit model shadow as a function of the injected Kerr spin aK .
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Figure 3. χ2red between rotating Bardeen black hole and Kerr black hole shadows as a function of (a, g) for aK = 0.20M ,
0.50M , 0.80M and 0.90M .
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Figure 4. Minimized χ2red (left panel) and extracted values of the rotating Hayward black hole spin parameter a (right panel)
for the best-fit model shadow as a function of the Kerr spin aK .
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Figure 5. χ2red between rotating Hayward black hole and Kerr black hole shadows as a function of (a, g) for aK = 0.20M ,
0.50M , 0.80M and 0.90M .
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shadows of rotating non-singular (model) and Kerr
(injection) black holes. In turn, the χ2red between the
model and injection shadows is minimized to determine
the best-fit model spin. The behavior of χ2red with
varying aK is similar to that for rotating Bardeen and
Hayward black holes, as the most substantial gain in
this model fitting occurs for the intermediate values of
aK (see Fig. 6). The minimized χ
2
red further increase
with g. For instance, injected shadow with aK = 0.6M ,
within the current observational uncertainties, is
indiscernible from model shadows with spins
a = 0.542M, 0.49M and 0.417M, respectively, for
g = 0.15M, 0.20M and 0.25M . The best-fit model
spins are lower from the injected spin, and the biasness
is higher for large g. Moreover, the model parameter
space (a, g), which minimizes the χ2red for
aK = 0.20M, 0.50M, 0.80M and 0.90M , is shown in
Fig. 7; this infers that model shadows can resemble the
injected shadows, i.e., χ2red ≤ 1, over the finite
parameter space. However, this parameter space (a, g)
decreases with increasing injected spin aK . Therefore,
rapidly rotating Kerr black hole injected shadows
placed stringent bounds on rotating non-singular black
hole parameters, as the near-extremal values of aK
maximize the general-relativistic effects around the
black holes.
5. OBSERVATIONAL CONSTRAINTS FROM THE
M87* BLACK HOLE SHADOW
Recently, the EHT Collaboration, for the first time,
has revealed the 1.3 mm image of the supermassive
black hole M87* (Akiyama et al. 2019a,b,c). Even
though the observed image of M87* black hole is
consistent with the predicted shadow for the Kerr
black hole, because of the uncertainty in the inferred
black hole rotation parameter it may be difficult to
ignore modified theories black holes (Akiyama et al.
2019a; Kumar et al. 2019a; Cunha et al. 2019;
Vagnozzi & Visinelli 2019; Kumar et al. 2019b; Neves
2020; Allahyari et al. 2020), e.g., braneworld black
holes with negative tidal charge (Banerjee et al. 2020),
and superspinors within finite parameter space
(Bambi et al. 2019) can explain the M87* black hole
shadow observables. We consider the M87* black hole
as the rotating regular black hole and used the shadow
observables, namely, angular size and asymmetry, to
put constraints on the parameter space (a, g) that at
best can describe the observed shadow. The shadow is
parameterized by (R(ϕ), ϕ), where R(ϕ) is the
silhouette radial distance from the shadow center
(αC , βC), and ϕ is the angular coordinate. The shadow
average radius R¯ is defined as (Johannsen & Psaltis
2010)
R¯ =
1
2π
∫ 2pi
0
R(ϕ)dϕ, (26)
with
R(ϕ) =
√
(α− αC)2 + (β − βC)2, ϕ ≡ tan−1
(
β
α− αC
)
,
and (αC , βC) can be interpreted as the shadow
displacement from the black hole center (0, 0), such
that due to the intrinsic axisymmetry the vertical
displacement is zero, i.e., βC = 0 and αC is
αC =
| αr + αl |
2
. (27)
Further, we consider the circularity deviation ∆C as a
measures of the shadow distortion from a perfect circle
(Johannsen & Psaltis 2010; Johannsen 2013b)
∆C = 2
√
1
2π
∫ 2pi
0
(
R(ϕ)− R¯)2 dϕ, (28)
clearly ∆C = 0 for non-rotating black holes that have
circular shadows. The EHT data analysis reveals that
the circularity deviation in the observed image of the
M87* black hole is ∆C ≤ 0.10 (Akiyama et al.
2019a,b,c). The effects of the interplay between spin a
and deviation parameter g on the ∆C for rotating
regular black holes are analyzed and depicted in Fig. 8.
It is clear from Fig. 8 that the bound ∆C ≤ 0.10
merely constrains the rotating regular black hole
parameter space (a, g), as all theoretically allowed
values of g are permissible for the observed asymmetry
of M87*, viz., g ≤ 0.7698M for the Bardeen black hole,
g ≤ 1.0582M for the Hayward black hole, and
g ≤ 1.2130M for the non-singular black hole. Further,
the deduced angular diameter of the M87* black hole
shadow can be used to constrain the parameters. The
shadow areal radius Rs =
√
A/π corresponds to the
angular diameter θd in the sky
θd = 2
Rs
d
, (29)
which depends on the black hole mass
M = (6.5 ± 0.7) × 109M⊙ and its distance from the
Earth d = 16.8 Mpc. The emission ring diameter in the
observed M87* black hole shadow is θd = 42 ± 3µas,
though the emission region is not restricted to lie
exactly at the photon ring and preferentially falls
outside it. The geometric crescent model accounting
for the emission in the
general-relativistic-magnetohydrodynamics simulated
images and observational uncertainties lead to this
offset between the two. The angular diameters of the
rotating regular black hole shadows are calculated over
the parameter space (a, g), and the results are
illustrated in Fig. 9. For the aforementioned black hole
mass and distance, the non-rotating Schwarzschild
black hole (a = 0, g = 0) cast the largest shadow with
10 R. Kumar et al.
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Figure 6. Minimized χ2red (left panel) and extracted values of the rotating non-singular black hole spin parameter a (right
panel) for the best-fit model shadow as a function of the Kerr spin aK .
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Figure 7. χ2red between rotating non-singular black hole and Kerr black hole shadows as a function of (a, g) for aK = 0.20M ,
0.50M , 0.80M and 0.90M .
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Figure 8. Circularity deviation ∆C as a function of (a, g) for rotating Bardeen (left), rotating Hayward (middle), and rotating
non-singular (right) black holes. Black solid line in each plot corresponds to the ∆C = 0.10.
Figure 9. Shadow angular diameter θd as a function of (a, g) for rotating Bardeen (left), rotating Hayward (middle), and
rotating non-singular (right) black holes. Black solid line in each plot corresponds to the θd = 39µas.
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angular diameter θd = 39.6192µas, which falls within
the 1σ confidence region. The angular diameter θd as a
function of (a, g) is presented in Fig. 9 with the black
solid line corresponding to the θd = 39µas. As shown
in Fig. 9, the angular diameter of the rotating regular
black holes shadows over a finite parameter space is
remarkably consistent with the observed angular
diameter of the M87* black hole, within the 1σ
confidence level. This in turn strongly constrains the
parameter g, viz., g ≤ 0.30182M for the Bardeen black
hole, g ≤ 0.73627M for the Hayward black hole, and
g ≤ 0.30461M for the non-singular black hole. The
rotating regular black holes with a very large value of g
can not account for the observed angular size of M87*.
Thus, from Figs. 8 and 9, it is evident that the M87*
shadow shape and size could be explained with the
rotating regular black holes, and they can be strong
candidates for the astrophysical black holes.
6. CONCLUSION
In this paper, we present the systematic bias analysis
for testing the rotating regular black hole (non-Kerr)
metrics to analyze the deviation of their shadows from
that of the Kerr black hole, which is detectable with
the EHT observations. The shape and size of the black
hole shadow can be very well determined only by the
spacetime geometry, the observer’s viewing angle, and
by identifying the photons captured region, which
ascertains that the shadow can be regarded as a
potential tool for this. The size and shape of the black
hole shadow are characterized by two observables, viz.,
area A and oblateness D (Kumar & Ghosh 2020). It
turns out that the same shadow observable (A,D) can
be associated with several black hole models with
significantly different parameters (Kumar & Ghosh
2020). In particular, we have investigated whether the
black hole shadow, using these observables, can
determine if astrophysical black holes are indeed
non-Kerr focusing on well-motivated three rotating
regular black holes having an additional deviation
parameter g due to the NED charge. We analyzed
shadows produced by rotating regular black holes and
compared them with those for the Kerr black holes
using systematic bias analysis. We showed that
rotating regular black holes, depending on the values of
g, in some cases, cause shadows that are very similar to
those produced by the Kerr black holes (χ2red < 1), but
in other cases, the two would be clearly distinguishable
(χ2red > 1). To illustrate on the above point, model
shadows, viz., Bardeen black holes (g . 0.26M),
Hayward black holes (g . 0.65M), and non-singular
black holes (g . 0.25M), can well capture the Kerr
black hole shadows within the current observational
uncertainties (see Figs. 3, 5 and 7 ). The spin a of the
best-fit models, which minimized the χ2red, are found to
be biased from the injected spin values aK , and that
becomes more biased with increasing g. In particular,
model shadows with higher g resembled the injected
shadows only for the intermediate aK ; therefore the
rotating regular black holes cannot mimic the slowly or
rapidly rotating Kerr black hole shadows. Whereas for
sufficiently large values of g, model shadows
significantly differed from the injected shadows, and
the current observational facilities can unambiguously
discern (χ2red > 1) the model with injection shadows.
In turn, the M87* black hole shadow observables
(∆C, θd) are found to be consistent with the rotating
regular black hole shadows within the finite particular
parameter space (a, g) (see Fig. 8 and 9). Further,
according to our analysis, Bardeen black holes
(g ≤ 0.30182M), Hayward black holes (g ≤ 0.73627M),
and non-singular black holes (g ≤ 0.30461M), within
the 1σ region for θd = 39µas, are consistent with the
observed angular diameter of M87* black hole implying
that the rotating regular black holes can be strong
viable candidates for the astrophysical black holes.
It is straightforward to employ the formalism to any
other stationary, axisymmetric, and asymptotically flat
black hole metric. In particular, it will be physically
much more interesting to consider other non-Kerr black
hole metrics, arising in modified gravities such as that
proposed by Johannsen and Psaltis (2010), to compare
with shadows produced by Kerr black holes for getting
more insights.
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